tion of coronary anastomoses without a global cardiac arrest. 7 The off-pump procedure, however, is technically more demanding, and it is unknown whether off-pump surgery can match the longterm cardiac benefits of on-pump surgery.
Between 1998 and 2000, we enrolled 281 patients undergoing CABG surgery in the randomized Octopus Study, which compared off-pump to onpump techniques. 8, 9 Avoiding cardiopulmonary bypass resulted in a trend toward better cognitive outcomes 3 months after the procedure (21% decline after off-pump surgery vs 29% decline after on-pump surgery; P = .15), but the effect became negligible at 12 months (31% vs 34%, respectively; P =.69). 8 Also, the rate of cardiovascular events (mortality, stroke, myocardial infarction, or coronary reintervention) at 12 months was similar in both groups (12% after off-pump surgery vs 9% after on-pump surgery; P = .48). 9 In 2001, Newman et al 10 reported that the incidence of cognitive decline was 42% 5 years after on-pump CABG surgery. This high percentage of patients with decline suggested that cardiopulmonary bypass may accelerate cerebral aging and that the harmful effects of cardiopulmonary bypass may become more apparent in the long term. Concurrently, angiographic follow-up studies indicated that bypass surgery on the beating heart is associated with slightly more graft failure. 11, 12 It is therefore conceivable that in the long term, patients who undergo an off-pump procedure have better cognitive outcomes but worse cardiac outcomes.
The aim of the present study was to assess the 5-year cognitive and cardiac outcomes of the 281 patients who were included in the Octopus Study and were randomized to off-pump or onpump CABG surgery.
METHODS

Design and Patients
The randomized, controlled, multicenter Octopus Study enrolled 281 patients in whom the Octopus cardiac stabilizer device (Medtronic Inc, Minneapolis, Minn) was used and who underwent surgery between 1998 and 2000. 8, 9 These patients were referred for first-time isolated CABG surgery, and an off-pump procedure was deemed technically feasible. Patients were excluded in cases of emergency or concomitant major surgery, Q-wave myocardial infarction in the last 6 weeks, or inability to provide informed consent or undergo neuropsychological testing. After informed consent, patients were randomly assigned to receive off-pump or on-pump CABG surgery.
Patients were recruited in 3 centers in the Netherlands, and the number of participating surgeons was 16. The primary end point of the present follow-up study was cognitive outcomes 5 years after surgery. The study was approved by the ethics committees of the participating centers. 8, 9 All patients gave written informed consent.
Neuropsychological Assessment
Patients underwent a battery of 10 standardized and validated neuropsychological tests 1 day before and 3 months, 12 months, and 5 years after their operation. The cognitive results at 3 months and 12 months after surgery have been reported elsewhere. 6, 8 The tests were administered by a trained psychologist blinded to treatment allocation. Each individual's performance on the neuropsychological tests was compared with his or her performance on the same tests 5 year earlier, on the day before surgery. In accordance with the Statement of Consensus on Assessment of Neurobehavioral Outcomes After Cardiac Surgery, the test battery included tests for motor skills, verbal memory capacity, and attention. 13 In addition, tests were included to assess speed and capacity of working memory, visuospatial capacity, selective and sustained attention, and information processing. Each test yielded 1 or more variables, with different ranges per variable. Eleven main variables were chosen a priori to be used in the analyses. The tests and the cognitive domains that were covered are described in the BOX.
Definitions of Cognitive Decline
We applied 2 definitions. A "standard" definition was used in the initial Octopus Study and defined cognitive decline as a decrease in a patient's performance of at least 20% from baseline in at least 20% (ie, 3) of the 11 main variables.
14 Since this definition later appeared to also identify healthy controls as having cognitive decline, 6 an alternative, more conservative definition was used that corrects for the natural variation in performance during repeated testing. 6 Cognitive decline is defined herein as deterioration beyond the normal variation in cognitive performance observed within a short interval (3 months) in a control population of healthy volunteers. The scores of 8 main variables were standardized using the formula of reliable change (RC) as proposed by Jacobson and Truax 15 : RC = ([performance at 5 years − performance at baseline]−practice effect)/SD diff .
The practice effect is the controls' mean improvement from baseline to 3 months after baseline. SD diff is the standard deviation of the controls' mean 3-month performance minus baseline performance. Patients were considered to have cognitive decline at 5-year follow-up if they had either a mean RC score equal to or less than -1.96 or an RC score equal to or less than −1.96 in 2 or more of 8 main variables.
In both definitions, participants who had had a stroke and those unable to undergo testing because of Alzheimer disease were considered to have cognitive decline.
In addition to the 2 analyses based on a dichotomous cognitive outcome measure, we performed a direct comparison of the continuous test scores. To estimate the change in performance from baseline to 5 years after surgery, a standardized change score was calculated for each main variable in each patient by subtracting the preoperative score from the score at 5 years and dividing the difference by the preop-OUTCOMES AFTER OFF-PUMP VS ON-PUMP CORONARY BYPASS SURGERY erative standard deviation of that variable. If improved performance was reflected by a lower score (eg, in timed tasks), the directional data were reversed so that all improvements gave rise to positive change scores. Per participant, the mean of the 11 standardized change scores was used as a quantitative measure of the overall postoperative change in performance.
Cardiac Outcome Measures
The principal cardiac outcome measure was the occurrence of a cardiovascular event (ie, death, stroke, myocardial infarction, or coronary reintervention). When either the patient or the general practitioner had suggested that a cardiovascular event had occurred, the attending neurologist or cardiologist was contacted and photocopies of original reports, letters, laboratory tests, and electrocardiograms were obtained to document these possible events. The possible events were then judged by an independent event committee consisting of an intensive care specialist, a cardiac surgeon, and a neurologist who were blinded for treatment allocation.
Stroke was defined as focal brain injury, detected by standard neurological examination, persisting for more than 24 hours, combined with an increase in disability of at least 1 grade on the Rankin Scale. 16 Myocardial infarction was considered present when 2 of the following criteria were met: chest discomfort lasting at least 30 minutes, creatine kinase-MB/creatine kinase ratio greater than 0.1, and development of abnormal new Q waves in the electrocardiogram.
We also assessed anginal status at 5 years, defined according to the Canadian Cardiovascular Society 17 and Braunwald classification. 18 Finally, we reassessed quality of life with the EuroQol and Short Form-36 questionnaires. The EuroQol questionnaire generates a single index, ranging from −1 to ϩ1, with −1 reflecting the worst imaginable quality of life and ϩ1 reflecting the best imaginable quality of life. 19 The Short Form-36 questionnaire comprises 8 different domains, all ranging from 0 to 100. Higher scores indicate higher levels of functioning or well-being. 20 
Data Acquisition
Each participant's general practitioner received a letter to inquire whether any cardiovascular events had occurred during the last 5 years. When the general practitioner had confirmed that the patient was still alive, a consultant (D.v.D.) invited the patient by telephone to participate in the 5-year follow-up of the study. The anginal status and use of antianginal medication was assessed by the consultant. The occurrence of cardiovascular events according to the patients themselves was The learning list consists of 15 meaningful monosyllabic words, which are presented in 5 trials. Each trial ends with a free recall of the words. After a period of 20 minutes following the fifth trial, the participant is requested to recall as many words as possible (delayed recall). The main variables used are the total number of correct words in the 5 trials and the total number of correct words on delayed recall.
Grooved Pegboard (Motor Capacity)
A test for manual dexterity. It is a highly sensitive test for studying improvement in motor functions following stroke. Time to completion is scored.
Trail-Making Test Parts A and B (Divided Attention)
A test procedure in which shifting between concepts is operationalized.
Sternberg Memory Comparison (Working Memory Speed)
The participant is asked to cancel out digits or letters between letters, while the memory load is expanded.
Stroop Color Word Test (Selective Attention)
This test consists of subtasks that measure, first, the speed at which color names are read; second, the speed at which colors are named; and third, the speed at which the color of the printing ink is named when there is interference from the printed color name.
Self-ordering Tasks (Working Memory)
The procedure consists of 3 tasks: digit span, missing item scan, and randomization task. The task measures immediate memory and verbal working memory.
Symbol Digit Modalities Test (Information Processing)
The participant has to fill in blanks that corresponds to a key in which a symbol corresponds to a digit. The test measures speed of simple information processing. The number of filled blanks in a fixed time is scored.
Line Orientation Test (Visuospatial Capacity)
This test measures spatial perception ability by requiring participants to match angled lines to an array of lines with varying slopes.
Continuous Performance Task (Sustained Attention)
A computerized test for sustained attention. The test requires the participant to react to a visual target. The median of reaction time is recorded.
Visuospatial Working Memory Test (Visual Working Memory)
The participant has to fill in as accurately possible a visuospatial target on a sheet of paper. also noted. An appointment was made for neuropsychological testing at the University Medical Center Utrecht. Before this assessment, participants completed the quality-of-life questionnaires. Those unable to come to the hospital were tested at home.
Data Analysis
Calculation of the sample size was based on neurocognitive outcome 3 months after CABG surgery in the original project and has been described elsewhere. 8 Data were analyzed according to the intentionto-treat principle. Incidences of cognitive decline, cardiovascular events, and angina were compared using the Fisher exact test and presented as risk differences with corresponding 95% confidence intervals. The proportions of patients with a cardiovascular event were graphically compared using event curves. Normally distributed continuous values are expressed as means and standard deviations and were compared using a 2-sample or paired-sample t test. Continuous variables that were not distributed normally are expressed as medians and interquartile ranges and were compared using the Mann-Whitney test.
Post hoc logistic regression analysis was used to identify codeterminants of cognitive decline at 5 years. All reported P values are 2-sided, and PϽ.05 was set as the threshold for statistically significant findings. All analyses were performed using SPSS software, version 10.1 (SPSS Inc, Chicago, Ill).
RESULTS
Characteristics of the Patients and Treatment Assignments
Between March 1998 and August 2000, 139 patients were randomly assigned to undergo on-pump surgery and 142 patients to undergo off-pump surgery. The flow of the patients throughout the trial is shown in FIGURE 1 and their baseline characteristics are summarized in TABLE 1. The mean number of grafts per patient was 2.6 in the onpump group and 2.4 in the off-pump group. The mean interval between surgery and the 5-year follow-up was 62 months (SD, 3 months) in both patient groups (P=.98).
Completeness of Follow-up
The presence or absence of cardiovascular events could be determined in all 281 participants: in 279 (99.3%) through their general practitioner and, if alive, confirmed by the patients themselves. Twenty-one patients (7.5%) had died. Of the surviving 260 patients, 259 (99.6%) were contacted by telephone. Their anginal status was documented and 235 (90.4%) agreed to undergo neuropsychological testing. Five patients (1.9%) were unable to undergo neuropsychological testing because of severe dementia (n=3) or because of a stroke (n=2). They were included in the cognitive analyses and considered to have cognitive decline.
Twenty-one (16.2%) of the surviving patients in the off-pump group and 19 (14.6%) of the surviving patients in the on-pump group underwent neuropsychological testing at home because they were not able to travel to the hospital. Nine patients (3.5%) completed fewer neuropsychological tests during postoperative assessment than at baseline because of a lack of motivation or 
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exhaustion. In the analyses, they were considered to have decreased performance on the missing tests (worstcase score). Cognitive status remained unknown in 41 patients (14.6% of all patients). Reasons for a failed neuropsychological assessment are shown in Figure 1 .
Cognitive Outcomes
When applying the standard definition of cognitive decline (20% decline in 20% of the main test variables), 62 (50.4%) of 123 patients in the offpump group and 59 (50.4%) of 117 patients in the on-pump group had cognitive decline (absolute difference, 0%; 95% confidence interval, −12.7% to 12.6%; PϾ.99) Using the alternative, more conservative definition of cognitive decline, 41 patients in the off-pump group (33.3%) and 41 patients in the on-pump group (35.0%) had cognitive decline (absolute difference, −1.7%; 95% confidence interval, −13.7% to 10.3%; P=.79).
The results per neuropsychological test variable are presented in TABLE 2. Abbreviation: CI, confidence interval. *Only the first cardiovascular event that occurred in a patient is included in this analysis. †All cardiovascular events are included in this analysis.
The overall change in performance (ie, overall improvement; mean of the 11 standardized change scores) was −0.09 in the off-pump group and −0.06 in the on-pump group (P = .49).
In univariable logistic regression analyses, older age, lower level of education, and a preoperative history of stroke or transient ischemic accident were risk factors for cognitive decline at 5 years (according to the more conservative definition; PϽ.01 for all). In a multivariable model, only older age and lower level of education were associated with cognitive decline. Female sex, diabetes, peripheral vascular disease, hypertension, number of coronary bypass grafts, and intraoperative use of a side-biting clamp were not risk factors for long-term cognitive decline.
Cardiac Outcomes
Cardiovascular events at 5 years are shown in TABLE 3 and FIGURE 2. Thirty patients assigned to undergo offpump surgery (21.1%) and 25 patients assigned to undergo on-pump surgery (18.0%) had experienced a cardiovascular event (absolute difference, 3.1%; 95% confidence interval, −6.1% to 12.4%; P=.55). The number of patients with recurrent angina was 23 (17.7%) in the off-pump group and 16 (12.3%) in the on-pump group (absolute difference, 5.4%; 95% confidence interval, −3.3% to 14.0%; P=.23).
Quality of Life
In both groups, 124 patients (95.4% of the surviving patients) completed the quality-of-life questionnaires. There were no differences between the 2 groups in the overall measure of quality of life and in 7 of the 8 subdomains (TABLE 4) . Only in the domain of role limitations due to physical health problems did the on-pump group do slightly better than the off-pump group. In both groups, patients had a significantly better quality of life compared with their preoperative status (all domains).
COMMENT
The present study is the first large randomized trial reporting long-term cognitive outcomes after off-pump vs on-pump CABG surgery. Using the standard definition 14 at 5 years, we found that half of our patients had cognitive decline after both surgical strategies. We were unable to demonstrate any benefit from avoiding cardiopulmonary bypass on long-term cognitive outcomes. Concurrently, there were no differences in cardiovascular event rate, angina, and quality of life.
To date, no adequately powered randomized study has demonstrated a benefit of off-pump surgery on cognitive outcome. In the Octopus Study, we found a trend toward better cognitive outcome 3 months after surgery, but this difference disappeared at 12 months 6, 8 and now appears to remain absent at 5 years. This is remarkable because several studies have demonstrated that off-pump CABG surgery is associated with less cerebral embolization than on-pump CABG surgery.
5,21
The present results suggest that factors other than cardiopulmonary bypass may be responsible for cognitive decline, such as anesthesia and the generalized inflammatory response that is associated with major surgical proce- dures. 22 It is also possible that the cognitive decline observed at 5-year follow-up is not caused by the operation but reflects natural aging. 23 Two trials comparing patients undergoing CABG surgery or angioplasty failed to show a difference in postprocedural cognitive decline. 24, 25 These trials underscore the possibility that patient characteristics might be more relevant than the type of intervention for risk of developing cognitive decline.
It is unlikely that the true incidence of cognitive decline 5 years after surgery is as high as 50%. There are many different ways in which to define cognitive decline. 2, 6, 26 The standard definition that was used (20% decrease in performance in 20% of the variables) appears to have limited precision. Although this definition has been reported to be sensitive and reliable, 14 it was demonstrated recently that the cutoff value may be within the range of an individual's natural fluctuation in performance. 6, 26 Therefore, the true incidence of cognitive decline at 5-year follow-up is probably better reflected by the alternative, more conservative definition, which takes these natural fluctuations into account. 15 Apart from 2 perioperative cardiovascular deaths in the on-pump group, only noncardiac mortality occurred during the follow-up. Also, after the first year of follow-up, no new myocardial infarctions occurred. These overall excellent cardiac results reflect that predominantly young and low-risk patients were enrolled in the study, but they may also provide some confidence in the graft quality after off-pump CABG surgery. Two angiographic follow-up studies have indicated that there may be more graft occlusions after off-pump CABG surgery. 11, 12 This could reflect the technical difficulties of microsurgery on a moving target (ie, a beating heart). Another follow-up study, however, has recently demonstrated similar angiographic outcomes 1 year after offpump and on-pump CABG surgery, suggesting that normal graft patency is possible after a beating-heart procedure. 27 The present study has several limitations. Sixteen patients did not receive the assigned treatment. Analyses based on actual treatment received, however, showed results that are comparable with the intention-to-treat analyses (available from authors on request). The results of this trial cannot be extrapolated to older patients with more advanced coronary artery disease or a higher preoperative risk. The patients included in the Octopus Study represent only 11% of all CABG procedures performed during the recruitment period. The mean age of the trial patients was 61 years, and the majority had singleor double-vessel disease. Both cognitive decline and stroke occur more frequently in elderly persons. 1 A recent study in 120 elderly high-risk CABG surgery patients did not show a difference in cognitive outcome 3 months after offpump and on-pump surgery, but this study did not report long-term outcomes. 28 Cohort studies have indicated that off-pump CABG surgery may prevent strokes, 29 but a sufficiently powered randomized study to confirm this would require the inclusion of a larger patient sample and has not been conducted yet. Because of the small number of participants in the present study, the absolute differences in the outcome measures were associated with wide confidence intervals. Therefore, significant differences in outcome favoring one surgical approach may have been missed.
The loss to cognitive follow-up in our patients was 14.6%, which is very satisfactory compared with other studies reporting long-term cognitive outcomes. 10, 30 More than half of this loss to follow-up was due to mortality, and the dropout rate and baseline characteristics of the remaining patients were largely similar across the groups. Less than 4% of the patients lost motivation for cognitive follow-up after their surgery. A relationship between loss to follow-up and cognitive outcome may therefore be present in only a very small proportion of the patients.
We conclude that in low-risk patients undergoing CABG surgery, avoiding the use of cardiopulmonary bypass had no effect on cognitive or cardiac outcome 5 years after the procedure.
